RNA polymerase II from larvae of the brine shrimp, Artemia salina, was highly purified by two cycles of DEAE-cellulose chromatography followed by centrifugation through discontinuous sucrose gradients. Gradient fractions were subjected to elctrophoresis is polyacrylamide gels containing sodium dodecyl sulfate. The subunit structure of RNA polymerase II was determined by quantitative comparison of the polypeptides and enzyme activity present in each gradient fraction. The enzyme contains one copy of each of four subunits with estimated molecular weights of 170,000, 130,000, 36,000 and 24,000. The total molecular weight agrees well with the molecular weight estimated for the native enzyme by density gradient centrifugation.
INTRODUCTION
Eukaryotic cells contain multiple forms of DNA-dependent RNA polymerase . The forms differ in ion requirements, sensitivity to the toxin ot-amanitin, intranuclear location, o subunit structure and apparent function ( see reviews by Jacob 3 ' and Chambon ) . These enzymes must be involved in some way, either active or passive, in all transcriptional regulation.
Because transcriptional regulation is believed to be a significant factor in animal development and differentiation, the function of RNA polymerases is a subject of continuing interest to developmental biochemists.
Postgastrula development of the brine shrimp, Artemia salina, is a useful biological system for biochemical studies.
The encysted gastrulae are readily available and will resume development upon immersion in artificial sea water. The resulting nauplius larvae hatch about 16-20 hr later and can easily be maintained in the laboratory for several days. During this period, marked changes occur in the rate of RNA synthesis in vivo and in RNA polymerase levels measured in vitro. McClean and Warner showed that the rate of incorporation of nucleptides into RNA in vivo is maximal at 30-36 hr after immersion of the cysts in sea water. Thereafter the rate of incorporation declines rapidly; by 72 hr the rate is only 10-20% of the maximal rate. This decrease cannot be explained by changes in the nucleotide pools or by increased degradation of RNA. Thus it appears to result from a genuine decline in the rate of RNA synthesis. A previous report from this laboratory demonstrated that the decline in RNA synthesis is accompanied by two changes in activities of soluble RNA polymerases. The total RNA polymerase activity observed by DEAE-cellulose chromatography is 3-4 times greater at 36 hr than at 72 hr. Nauplii at 36 hr yield approximately equal quantities of RNA polymerases I and II, Whereas polymerase II accounts for more than 807» of the activity at 72 hr. The molecular basis for these changes in RNA polymerase levels is as yet unknown. They could result from changes in the total amount of polymerase per embryo, or from structural alterations which modulate the activity of these enzymes. This report describes the purification and subunit structure of RNA polymerase II. The enzyme was highly purified by chromatography on DEAE-cellulose and centrifugation through discontinuous sucrose gradients. The subunit structure was determined by quantitative comparison of the subunit mass with enzyme activity.
EXPERIMENTAL PROCEDURES DEAE-cellulose fractionation. Procedures for the culture and harvesting of Artemia larvae, isolation of nuclei, and preparation of soluble RNA polymerases were described previously. The soluble preparation obtained from 12 culture flasks (40-50 g wet weight of larvae) was adsorbed to 10 ml of DEAEcellulose (Sigma) equilibrated with 0.05 M ( N H^S O^ in TMD buffer (20 mM Tricine, pH 8.0, 1 mM dithiothreitol, 5 mM MgCl 2> 0.5 mM EDTA, 20% glycerol by volume). The column was washed with one bed volume of the same buffer. RNA polymerases I and II were then eluted with 0.16 M and 0.5 M (NH,) 2 SO 4> respectively, in TMD buffer. Aliquots of 25 pi of each fraction were assayed for RNA polymerase activity as described previously .
One enzyme unit was defined as the amount of activity that incorporated one nanomole of UMP into RNA in 10 min. To estimate the molecular weight of the native RNA polymerase, samples (0.1 ml) were applied to linear 10-30% sucrose gradients in TMD buffer containing 0.5 M (NH^^SO^. The gradients were centrifuged, fractionated and assayed as above.
Human hemoglobin and horse spleen apoferritin were used as markers.
SDS gel electrophoresis. The discontinuous buffer system described by Laemmli was used. Linear 8-16% acrylamide gels were formed in cells fitting the ORTEC slab gel apparatus.
Sucrose gradient fractions were individually dialyzed overnight into sample buffer and applied to the gels. Electrophoresis was performed at 4° using a pulsed power supply. Gels were run at 300 V and 50 pulses per sec until the tracking dye entered the separating gel, then at 100 pulses per sec until the tracking dye reached the end of the gel. In some experiments electrophoresis was continued for an additional hour to increase resolution. Gel slabs were removed from the cells and fixed in 10% trichloroacetic acid at 60° for 20-30 min. Gels were stained at 37 for 72 hr in methanol:acetic acidrwater: : 5:1: 5 containing 0.057<> Coomassie brilliant blue R (Sigma) . They were then destained in repeated changes of b°L methanol + 7.5% acetic acid and finally in 7.57<> acetic acid. Individual gel fractions were cut out and scanned at 550 nm in a Gliford 2000 spectrophotometer. The area under each peak was measured with a planimeter.
Molecular weights of polypeptides were determined by electrophoresis in gels of a single acrylamide concentration, either 6% or 127». Marker proteins and their molecular weights were as follows: horse heart cytochrome C (13,500), sperm whale myoglobin (17,000), human y-globulin (25,000 and 50,000 reduced, 150,000 unreduced), ovalbumin (43,000), bovine serum albumin (67,000), and E. coli RNA polymerase subunits a (41,000), a(90,000), 0(155,000) and B 1 (165,000).
RESULTS
Purification of RNA polymerase II. RNA polymerases were solubilized from nuclei of nauplius larvae harvested 24-72 hr after immersion of cysts. Early stages (24 or 36 hr) were used in most experiments because of the greater yield of RNA polymerase . Polymerase II was separated from polymerase I and from >907o of the protein in the soluble enzyme preparation by fractionation on DEAE-cellulose with step-wise elution. At this stage the polymerase II fraction was >957« inhibited by ct-amanitin at 1 ug/tnl. The total polymerase II activity eluted from DEAE-cellulose was 2-2.5 times greater than the total amanitin-sensitive activity applied, probably due to removal of inhibitory substances. For this reason, meaningful recoveries of enzyme activity cannot be calculated for this step.
The enzyme was further purified by a second fractionation on DEAE-cellulose with gradient elution. The polymerase eluted as a sharp peak well separated from the vast majority of the input material (estimated on the basis of absorbance at 280 n m ) . The total activity of the columns fractions at this step was typically 50-75% of the input activity. This does not represent an accurate recovery figure because the column fractions were assayed at sub-optimal concentrations of (NH^) 2 SO^ . This step therefore resulted in significant purification of the enzyme with good recovery of activity. were individually subjected to electrophoresis in an 8-16% acrylamide gradient gel. Gels were stained with Coomassie brilliant blue R. Eight bands were numbered for identification . activity profile. Thus only bands 1, 2,5 and 6 satisfied the first criterion for subunit identification stated above. In the best preparations (e. g. , Figure I ) these four bands accounted for at least 50% of the Coomassie-staining material found in peak fractions. The molecular weights of bands 1-8 and the molar ratios found in gradient fractions 20-23 are presented in Table 1 . The molar amount of band 2 was set at unity. The resulting molar ratios for bands 1, 5 and 6 were reasonably close to unity for all four fractions, in good agreement with the second criterion for subunit identification. No other band came close to satisfying this criterion. To be certain that the polypeptides, particularly the smaller ones, were saturated Fig. 2 with stain, the gels were restained for a second 72 hr period, then destained and analyzed as before. No change in molar ratios was observed. The molar ratios for bands 1, 2, 5 and 6, but not for other bands, was constant in 14 separate determinations involving seven independent enzyme preparations. The entire analysis detailed in Figures 1 and 2 and in Table 1 was repeated three times with identical results. No differences were observed in the structure of polymerase II from different developmental stages. The composite results indicated the following ratios: band 1, 0.92 ± 0.10 (mean ± standard deviation); band 2 E 1.00; band 5, 1.04 ± 0.21; band 6, 1.03 ± 0,21. Artemia RNA polymerase II appears therefore to comprise four subunits in equimolar amounts. This structure predicts a molecular weight for the native enzyme of 360,000. An independent estimate of the molular weight was obtained by centrifugation in a linear sucrose gradient as illustrated in Figure  3 (molecular weight ^400,000). Assuming that RNA polymerase and apoferritn have similar particle densities, this result is consistant with the molecular weight predicted for the enzyme.
DISCUSSION
The objective of this study was to determine the subunit composition of RNA polymerase II from Artemia larvae. The most direct approach would be purification of the enzyme to a state that could be considered homogeneity, followed by examination of the constituent polypeptides by SDS gel electrophoresis. Such an approach was not possible in this case because of the complete loss of enzyme activity in any step beyond sucrose gradient centrifugation. As an alternative, the subunits were identified by a simple extension of a method used successfully 8 9 by others ' . Of the polypeptides detected by SDS gel electrophoresis of sucrose gradient fractions, only four satisfied the criteria set forth for polymerase subunits. For the purposes of this discussion these will be designated subunits a (molecular weight 170,000), b (130,000), c (36,000) and d has not yet been investigated.
The subunit structure of Artemia RNA polymerase II is similar in many respects to structures reported for polymerase 9 10 9 11
II from calf thymus ' , rat liver , HeLa cells , murine plasmacytoma , Dictyostelium , Drosophila , and yeast '
In all these cases at least one form of the enzyme was found to contain equimolar amounts of two large subunits with molecular weights of 170,000-220,000 and 130,000-150,000. This appears to be a common feature of eukaryotic RNA polymerase II.
The main difference between the Artemia enzyme and others lies in the size and number of small subunits. The structure proposed here is very similar to structures reported for 9 11 calf thymus and rat liver , for HeLa cells , and for Dictyo-13 -stelium . More recent studies have indicated that polymerase II may contain six or more different small subunits ' '
Tis may simply reflect biological differences between
Crustacea and other animals. Alternatively, as Chambon has pointed out , some polypeptides that are not subunits may be tightly bound to the enzyme. For example, when samples ofArtemia polymerase II from sucrose gradients were subjected to electrophoresis under non-denaturing conditions, all of the polypeptides present aggregated to form a single band (unpublished observation). It must be emphasized that the criteria used to determine the structure of Artemia polymerase II are quite stringent. Thus the subunit structure determined in this study should be considered a minimal structure, consisting only of those subunits that must be present in stoichiometric amounts for enzyme activity to occur. There could be other proteins required in greater or lesser amounts that could be considered subunits in the same sense that sigma is a subunit of E. coli RNA polymerase. (By the criteria applied here, sigma would not be considered a subunit.) The loss of activity when Artemia polymerase II is purified beyond the sucrose gradient step is at the same time frustrating and interesting. It is reminiscent of the loss of activity with some DNA templates that occurs when sigma is removed from the bacterial polymerase . There is at present no evidence for a similar phenomenon involving the Artemia enzyme. However, now that the structure of the "minimal" enzyme is known, it will be possible to investigate directly the hypothetical existence of a "holoenzyme". It will also be possible to determine whether the decrease in RNA polymerase II activity that occurs between 36 and 72 hr of development is accompanied by physical loss of the enzyme.
